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§I. Introduction and summary
In the recent development of elementary particle physics the viewpoint of the Sakata Model/) which regards every elementary particle as a composite system of three kinds of basic particles, has supplied us with powerful tools. In particular many interesting results have recently been derived by adopting quarks 2 ) as the basic particles. For example, the main features of the mass splittings between particles are easily explained 3 ) in this theory by the possible existence of small mass differences between the quarks. We can also reach a good understanding 4 ) of the meson levels if we regard a meson as a nonrelativistic bound system composed of a quark and an anti-quark. Besides, there have been a number of attacks 5 ) made from this standpoint on various subjects such as baryon levels, hadron reactions, high energy scattering, electromagnetic phenomena, weak interactions and urbaryonic dynamics.
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According to the analysis mentioned above, the following assumptions seem to be valid: A 1 ) Mesons. and baryons are composite systems of quarks with the configurations (tO and (ttt) respectively. In particular, the mesons form a nonet and the baryons form a totally symmetric S-wave system of quarks with respect to their spins and unitary SpinS. A 2 ) Quarks behave nonrelativistically in the meson or baryon system. A 3 ) The exchange currents between quarks in a particle can be disregarded.
The purpose of the present article is t? analyze the electromagnetic properties of the baryons on the same footing. We have shown in a previous paper*l that we get from these assumptions the same predictions as those derived in the SU (6) theory. For example, we get /J.pl JJ.n = -312 for the ratio of the magnetic moments of the nucleons. We also suggested there that a reasonable value for the magnetic moment of the nucleon is obtained by considering the contribution of the meson cloud of the quark itself.
In this regard it may be relevant to discuss the electromagnetic form factor.
(hereafter. abbreviated E. M. F. F.) of ,the baryon, as a natural e:xte~sion of our previous work. Furthermore we want to analyze in this paper the electromagnetic mass of the baryon, on the assumption that this part of the mass consists of both the electromagnetic interaction 7 l between the quarks and the electromagnetic mass 8 ) . of the quark itself.
In § 3 the E. M. F. F. of the nucleon is investigated phenomenologically.
Up to the highest measured region of mom en tum transfer k 2 ~several (Be VIc) 2, we know that each of the nucleon form factors GP E (k . On the other hand, in our model, vector mesons are coupled to the quarks and the quarks are distributed around the center of mass of the baryon. This allows us to explain the experimental behaviour of the E .. M. F. F., without assuming the existence of p', by exploiting the spatial extension of the baryon wave function. We shall see also in § 3 that if we take the above mentioned experimental behaviour of the E. M. F. F. to be exact, the¢ meson cannot give any contribution to the nucleon form factors.
In § 4 we shall investigate the baryon E. M. F. F .. theoretically. First, an expression for the quark form factor is derived according to the method given by Gell-Mann and Zachariasen the vector meson configuration and its effect on the quark-vector meson coupling ( § 4, b).
Then, ( § 4, c), it will be shown that we nicely reproduce the E. M. F. F.
of the nucleon if we take the "nonet limit" which was derived by one of the authors (S. In this section we shall derive several basic, formulas which will be used later 1n treating the three-body system.
2a) . Wave function of the baryon
Let the wave function of a baryon be rjJ (R1, R2, the space coordinates of the constituent quarks.*) mass and the relative coordinates R 3 ) , where the R/s denote Introducing the center o£ R12 = R1-R2, R2a = R2-Ra, Rs1 = Ra-R1, the volume element is given by
In this section, the spin and' the unitary spin indices are . omitted unless it 1s necessary to specify them. and the wave function is written as
The normalization condition for the relative wave function is is defined from the matrix element of the current as
where and CP·h) = p" r" kp rp .
In our picture we can express these form factors in terms of those of the ·constituent quarks and of the baryon wave function. That is,· if we represent the charge (magnetic) density of the i-th quark by p/<M> (r), the charge (magnetic) density pE<M> (r) of the baryon is given by
The Fourier transform of this equation gives the form factor where
and eGi (k) -the Fourier transform of Pi (r) -represents the form factor times the charge of the i-th quark. When the wave function of the baryon is symmetric under the interchange of the R/s ( §1 (A 1 ) ) , we can factorize Eq. (2 · 8) with common WF(k) and we get
where
2c) Electromagnetic interaction among the constituent quarks
Though we assume a fairly large mass of the quark, so that the nonrelativistic treatment may be valid, it may not be legitimate to neglect the magnetic interaction, because the quark magnetic moment is supposed to be large, according to the discussiop in I. Consequently we may write the Hamiltonian for the electromagnetic interaction of the quarks as,
where we represent by HE, HM and oM, the Coulomb interaction, the magnetic interaction and a E. M. ~-D. between quarks. That 1s, 
When the baryon is represented by a symmetric, s-wave wave function as IS assumed in ( § 1 A 1 ) , Eq. (2 ·12) takes the simple form
In Eq. (2 ·13) the upper (lower) row in the square brackets corresponds to E(M). We can also calculate the electromagnetic self-mass 9f the quark tc from the equations
and we get omd as the self-mass difference between u' and d
Oma=1na-1llu.
(2·15) § 3. Phenomenological analysis of the E. M. F. F. of the nucleon 3a) Experimental status First we want to give a short review of the present experimental data on the nucleon form factors. Up to now the _highest value of the momentum transfer for which measurements of the E. M. F. F. of the nucleon have been carried out is k
2~6
.81(BeV/c) 2 and so fa~ the fpllowing equalities s~em to be well established experimentally, provided that deviatio11s are allowed 'within the range of the experimental error: · (3·1)
can be fitted by the simple form
The charge form factor of the neutron is also measured and IS known to satisfy If one tries to explain this behaviour of the form factors by the contributions of the vector mesons, one has to assume the existence of a p' (875 MeV) meson, which has the same quantum numbers as p, as well , as the well established p (760 MeV), w (780 MeV) and ¢ (1020 MeV) mesons. It remains unexplained, then, why p' has escaped detection.
3b) . Phenomenological analysis
We want to analyze here these form factors using only the general assumption that the nucleon is a composite system of quarks. (Let us forget about the more restrictive assumptions A 1 to A 3 mentioned in § 1 for a while.) In this ~ase clearly the situation is better than in the case of the vector meson model as discussed in .( § 3a), because even if we consider that the main contributions to the nucleon form factor. will come from the experimentally known vector mesons only, we have one more factor*> left which represents the effect of the extension of the source of the vector meson. This is due to the fact that the nucleon is a composite system of quarks. Therefore we may write In general
where WF IS a function due to the extended source and we shall normalize it by
The coefficients in Eq. (3 · 4) are required to satisfy the following relations in accordance with the values of the charges and. magnetic moments o£ nucleons:
( 3· 6) Though we need not take the equalities (3·1) and (3· 3) at their face value, owing to the experimental errors, we shall require strict validity of these equations for definiteness. Then, in the approximation that we neglect the small mass difference between p and w :
Machida, Namiki et al.1 4 ) have pointed out that the inclusion of W F (k 2 ) is important in understanding the E. M. F. F. of nucleon, because it makes the effective mass of the vector meson lighter.
mP=m.,=mv,
it follows from Eq. (3·4) that (3·8)
Equation ( 
where mw denotes a mass representing the range of WF(k
This qualitative discussion suggests that we need no longer to assume the real existence of p' (875 MeV) meson in order to explain the nucleon form factors. Now in order to go further into a quantitative discussion, we first see that the C's are determined directly from Eqs. (3 · 5), (3 · 6) and (3 · 7)
Next let us choose a simple one-parameter function for WF(k is shown in Fig. i and Table I : 
We see in Fig. 1 The analysis of the electromagnetic mass also seems to favour the A-type choice, as will be discussed later ( § 5 c).
We see also in Fig. 1 
4a) Form factor 'a! the quark
In the previous paper I we have pointed out that the meson cloud of the quark' gives a significant contribution to the magnetic moments of baryons: Here, according to ·the method proposed by Gell-Mann and Zachariasen, 11 > we shall take the meson cloud effect into account in our calculations. In our case, however, some modifications are necessary in order to apply this method to the quarks, because we are not dealing with the SU (3) -symmetric but with the U (3) -symmetric case. The interaction of the quarks with the electromagnetic field is
and the interaction of the quarks with the vector meson nonet · V flex IS
where ')f1 In Eqs. (4·1) and (4· 2)
and the tl/s are unitary matrices.
Since the physical ¢ and w are expressed in . general as
where ¢ 8 and w 1 belong to the octet and the singlet multiplet, respectively, from
Eqs. (4·1), (4·2) and (4·5) we get the field equations
The quark form factors for the electromagnetic and vector meson vertices are defined by
where M denotes the mass of the quark. Using the convention that the upper (lower) row corresponds to the· electric (magnetic) form factor, we can, now, express the E .. M: F. F. of.the quarks as follows: -j2
The value of the mixing angle given above is almost the same as thae 5 ) determined phenomenologically by using-the GellMann-Okubo16) mass formula.
As to the coupling ratio R of Eq. ( 4 · 3), we shall study the t -l scattering matrix element in the S channel on the assumption (S 1 ), (Fig. 2 (a) ). Since a pole of this matrix element corresponds to the vector meson, we may assign the mass and the coupling constant of the vector meson to the position and the residue of the pole, respectively. We see now that there are two types of four quark vertex in Fig. 2 (a) . The type (A) contributes the same amount both to the singlet and to the octet system, while the type (B) contributes only to the singlet. Therefore the requirement m 1 = ms in (S1) is satisfied , only if the vertex of the type (B) gives no contribution. This condition reads in terms of the quark-vector meson three-vertex in Fig. 2(b) as Although previously we simply assumed the equalities Eq. (4·12), we now see that these equalities indeed hold in the limit of r/ = 0 and U (3) symmetry.
we shall call the case, when Eqs. (4·12), (4·19) and (4·20) are valid, the "nonet limit" hereafter.
4c) Form factor of the quark
From Eqs_. (4·13) and (4·14) we find that the form factors of the quarks in the nonet limit are where and that all the physical diagrams are made up of quarks, it is not surpns1ng if the physical vertex function is not very different from that evaluated for mv 2 = 0.
*) Recently Iizukat7) proposed a "selection principle" which would lead to Eq. (4·20), too.
In other words, our derivation of Eq. (4·20) seems to give a physical interpretation of that principle. At any rate, we shall assume the approximate validity of Eq. (4· 24) ," in accordance with the analysis of nucleon form factors at high momentum transfer ( § § 3 and 4d). · . To end this section we want to add a few remarks. i) As is easily seen from Eqs. (4: 16) and (4· 21), the magnetic moment of a quark is proportional to its charge. In the previous paper I, we derived the same result on the quark form factor on the basis of the Sachs model/ 8 ) but this derivation was limited to the case when we neglected the possible mass differences among the mesons. What we see in our new formula at k 2 = 0 is that this . is the case, even if we take the vector meson mass differences into consideration.
ii) We see from Eq. (4·21) that in the nonet limit, p and w contribute only to u and d, and ¢ contributes only to s, so that the spatial extension of s may be smaller than that of u or d.
4d) Form factor of the ~aryan
Now we are ready to derive the baryon form factors according to the formula given in § 2. We give the coefficients of the baryon form factors in terms of those of the quarks in Table II . Then we give the explicit form of the baryon form factors in terms of the vector meson contributions in Table III . The only explicit parameter f1t in Table III is determined from the proton magnetic moment as (4· 26)
As to WF, we shall adopt the. one-parameter "singular" type function which was successfully applied to explain the nucleon form factors in § 3. Table II . ·Electromagnetic form factors of baryons in terms of quarks. 
.s-
We draw in Figs. 3 (a) , (b) and (c) the behaviour of the form factors of the octet baryon and of the decuplet baryon, respectively, together with the root mean square radius for those particles. Let us note here several points.
i) There is no contribution to the nucleon from the ¢ meson, so that we have (4·27) which proves the phenomenological requirement (3 · 7) .
ii) Let us define, except for the charge form factors of neutral particles, the nor-
In the approximation of neglecting the mass difference between p and()), the Gs's for the nucleon are expressed by a common factor
but this is not the case for strange particles containing the quark s. In particular for the octet baryons we have electric:
iii) The charge form factors for neutral particles except for the neutron, are not necessarily zero. In particular for the octet baryons we have As is stated in § 1, our basic assumption on the baryon E. M. M. D. is that it is due to both the electromagnetic interaction between the constituent quarks and the electromagnetic mass differences betw~en the quarks. This assumption has already been employed by many authors. 19 
>
However, unlike their analyses, the discussion given in an earlier section indicates that the effect of the spatial extension of the quarks due to the meson cloud may not be disregarded.
Moreover, as will be seen later, we find that the effect of the SU (3) symmetry breaking due to the mass splitting of the vector mesons is rather large.
5a) Electromagnetic mass of the baryon
We can calculate the electromagnetic mass of a baryon by using the formula given in § 2. According to the remark made just above, we must distinguish the interaction energy between the different pairs of quarks. Let us define the electric (magnetic) interaction energy between quarks with a unit ~harge by 
Then it follows from Eqs. (5·1) and (5·2) that
We shall give in Table IV [us] and omd. Also in the limit of SU (3) [uu], etc., are defined by Eq. (5·1).
[uuh As !s seen from Table IV , eleven quantities related to the baryon electromagnetic mass differences are expressed in terms of four parameters. *l Accordingly, we can derive the following seven sum rules on the electromagnetic mass . differences between the baryons :
6.5 ± 1.0 7.9 ± 0.09 1.29 
5.7 ±3.0 where MA~o is the Al: 0 transition mass. The corresponding numbers written under each of the above ·equalities represent the experimental values of the corresponding mass differences in MeV and we see from them that these sum rules· are in good agreement with experimene0l as far as the experimental values are reported. Although some of these relations have already been derived in the SU(3) or SU(6) symmetric limit/ 9 ) it should be noted that we obtained the sum rules (5 · 4) even though we took account of SU(3) breaking effects.
It may be worth while to note that, for example, the Coleman-Glashow relation 13 l (5 · 4a) still holds in this case. The other sum rules 19 l
which are derived in the symmetric limit, are expected to be somewhat violated, ~ut the present data are not enough to clarify this. Now our parameters are expressed in terms of the mass differences A, B, C, D, E defined in Eq. (5·4) as foll~ws:
*> Though there seem to be five parameters, [u u 
[u u]E+ [u u]M=D=C-E,

-
As IS seen from Eq. (5·1), these parameters except for omd have definite signs:
This leads to inequalities among the mass differences. Some of them read If we Impose one more condition
which is supposed to hold in general (see Table V The experimental mass differences are written under the inequalities (5 · 7) and (5 · 9) and we see that these inequalities are well satisfied.
5c) Form factor and mass difference
So far we have discussed the problem on the basis of rather general aspects of our basic assumptions. However, the three parameters [t t]E<Mh ~tc., which we have left undetermined in the previous subsection, ·are not arbitrary at all in our theory. Indeed, once we are given the relative wave function of the baryon, then from the knowledge of the baryon form factors, we can estimate these parameters from Eqs. (2·13), and (5·1) The results are shown in In Table VI , the theoretical values for the baryon mass differences estimated from Table IV, Table V and Eq. (5 ·1l) are given and compared with experiment. This behaviour of the form· . factor will be tested in the near future. Finally, we have to add the remark that the "Singular"-type wave function is quite singular at the origin and is very hard to understand on the base of the usual quantum mechanics. But we shall not discuss this problem further. 5d) Self-energy In § 5c) we treated oma as the only parameter and got the value oma = 1.71 MeV (5·12)
for the "Singular" type choice. However, we can ~lso estimate it from Eq. (2·14) and from the quark form factor (4·21) and (4·24). Then the theory, g1ves
Hence, the vector meson cloud contributes to the self-energy only by 30% of the required value though it does so with the right sign. This should not be taken seriously, because the inmost part gives a large effect in the calculation of the self-energy. For example, if we take account of the very small. deviation of Eq. ( 4 · 23) from unity and so add a small core term to the quark .form factor, it is not difficult to obtain a large enough value of (5·12) without any visible change in the results so far obtained.
As to the electromagnetic behaviour of the mesons, we will discuss this along the same lines elsewhere.
After the completion of this paper we noticed that sum rules similar to ours were derived also by Rubinstein 21 ) without assuming SU(3) symmetry. However, in contrast to our work, the contributions from the magnetic interactions between the quarks are neglected in his formula. This may be misleading, since the magnetic interaction energy should be as large as the Coulomb energy, a,s is shown by Miyamoto. 8 )
